Thermal diffusivity values of molten germanium and silicon were measured by a laser flash method. Simple but useful sample cell systems were developed to keep the molten germanium and silicon shape uniform for a given thickness. In the present experimental condition, it is necessary to consider the effect of not only the radiative heat loss but also the conductive heat loss at the interface between the molten sample and the cell material under the present experimental conditions. However, the computer simulation results suggest that the conductive heat loss is found to be negligibly small. The thermal diffusivity values of molten germanium and silicon are given in the following equations (unit: m 2 /s).
Introduction
In order to obtain a high quality single crystal grown from the germanium or silicon melt, it is necessary to minimize a temperature gradient in the melts by accurate temperature control. For this purpose, the sufficiently reliable values of the thermal diffusivities and conductivities of molten germanium and silicon are strongly required. However, some reservations have been suggested on the available thermal diffusivity and conductivity values of molten germanium and silicon, [1] [2] [3] [4] [5] [6] because of the experimental difficulties arising mainly from onset of convection, heat leakage to the container and mixed contributions of radiative and conductive heat transfer components during the measurement of the thermal diffusivity at high temperatures. On the other hand, the laser flash method 7) is widely employed as one of the most versatile techniques for measuring the thermal diffusivity of various materials. The novel sample cell for the laser flash method has been recently developed for measuring the thermal diffusivity of high temperature melts 8, 9) by the present authors to overcome the experimental difficulties at high temperature.
The main purpose of this work is to present new results of the thermal diffusivity and conductivity for molten germanium and silicon by the laser flash method with the novel sample cell, newly developed.
Experimental
The thermal diffusivity values of molten germanium and silicon were measured by means of the laser flash technique using a vertical type laser flash apparatus. As shown in Fig. 1 , the upper surface of a sample with a disk shape was instantaneously irradiated by Nd glass laser (10 J, 1060 nm emission wavelength). The temperature increase at the bottom surface of the sample was measured by using an InSb infrared detector (1.2-5.5 mm effective wavelength). Accordingly, since the upper surface of a sample was heated, the convection in the melt sample did not take place under this experimental condition. In addition, the signal to noise ratio was improved in this work by accumulating ten temperature response curves in molten germanium measurements or five temperature response curves in molten silicon measurements. The sample of molten germanium was heated to 1398 K and the sample of molten silicon was heated to 1705 K with a tungsten mesh heater under vacuum of less than 2 Â 10 À3 Pa. An appropriate sample cell must be used to maintain the molten germanium and silicon at high temperature. Then, two kinds of sample cell systems were newly used. One consists of an alumina tube (thickness: 1 mm, inner diameter: 9 mm, and outer diameter: 13 mm) sandwiched by two sapphire plates (thickness: 1 mm, and diameter: 13 mm). This sample cell worked well for measuring thermal diffusivity of molten iron, cobalt and nickel.
8) The other is a fabricated cell with a silica glass crucible and a lid (See Fig. 2(a) ). Sapphire and silica glass are known to be transparent to Nd glass laser and infrared ray.
The sample cell consisted of an alumina tube and two sapphire plates was successively used to measure thermal diffusivity of molten germanium. In the case of molten silicon, the sample cell has been modified as shown in Fig.  2 (a) because of the following reasons;
1. Sapphire reacts with the molten silicon. 2. The volume contraction takes place remarkably when silicon melts. In case with volume expansion on melting, the cell was fixed by a graphite fixture at room temperature. However, silicon is known to show volume contraction on melting. For this reason, the amount of silicon sample was carefully weighted and packed in order to fill the silicate crucible completely at the melting point. Moreover the lid is floating as shown in Fig. 2 (a) and always attached to the sample surface as the graphite fixture loads to the lid due to the gravity force (See Fig. 2 (b) ). This devised cell arrangement makes the height of molten silicon sample precise without free volume. It would be our intention to give this point in the present the thermal diffusivity of molten silicon was measured very well.
When considering the radiative heat loss, the thermal diffusivity, , can be evaluated by the following equation:
where l is the thickness of sample and t 1=2 is the time required for the back surface of the sample to reach one half of the maximum temperature rise. K is the coefficient theoretically determined by the ratio of radiative heat loss to conductive heat flux, and the value of K becomes 0.1388 at adiabatic conditions where the heat loss is negligibly small. 7) When the radiative heat loss becomes significant, the temperature of the back surface of the sample, T, reaches its maximum, T max , and decreases along the line proportional to the form of expðÀkt Ã Þ as schematically shown in Fig. 3 , where k is the coefficient of the temperature decrease and t Ã is the dimensionless time normalized by t 1=2 . The correlation between k and the coefficient K can theoretically be calculated. Ohta et al. 11) reported the coefficient K in the range between k ¼ 0 and 0.40. The coefficient of K can be given in the following equation as a function of k.
In practice, k is determined, in the first step, from the measured temperature response curve in the longer time region (See Fig. 3 ), and subsequently we obtain the K value by the use of k from eq. (2). Thus, the thermal diffusivity value of molten germanium and silicon can be estimated from the relation given by eq. (1).
Results and Discussion

3.1
The estimation of the effects of radiative and conductive heat losses on the thermal diffusivity value Under the present experimental conditions, it is necessary to consider the effect of not only radiative heat loss but also T max / 2 conductive heat loss at interfaces between molten sample and cell material. More detailed information has been reported by Nishi et al. 9) using numerical analysis with the following assumptions to construct the theoretical heat transport equation with the appropriate boundary and initial conditions.
(1) one-dimensional heat flow, (2) the whole cell is under adiabatic conditions for the conductive heat flow, (3) each layer is homogeneous, (4) all thermophysical properties of the three layers are known, (5) the thermal contact resistance at the interface between layers is uniform and has the same value at both the upper interface and the lower interface, (6) the heat pulse is uniformly absorbed on the front surface, (7) the radiative heat loss is proportional to the temperature difference, T m À T e , where T m is temperature of the molten sample, T e is steady-state temperature before laser irradiation, respectively, (8) there is no absorption of the energy in the medium of the cell because the cell is transparent to both the laser pulse and infrared, and (9) radiative heat loss occurs only on the surface of the molten semiconductors. A typical temperature response curve where the dimensionless parameter of the thermal contact resistance at interface,
1, and the normaliged temperature, T Ã ¼ T=T max is shown in Fig. 4 using the molten germanium case as an example, where m is the thermal conductivity of molten sample, R is the thermal contact resistance, l m is the thickness of molten sample, " is the thermal emissivity of the surface of molten sample, is the Stefan-Boltzmann constant. The decay part of the temperature response curve normalized by the maximum temperature rise is approximately represented by the following equation in the normalized time region between 8 and 12.
where T M corresponds to the temperature when extrapolated from the attenuation curve down by the time where the laser beam irradiates. The linear relationship between the logarithmic value of T Ã and t Ã may be described as follows.
The gradient, k, and the intercept, ln T M , provide information with respect to the effects of radiative and conductive heat loss at interface between melt sample and cell material. The experimental results of k and ln T M for molten germanium are found to be situated near the curve of R þ ¼ 1. Small dispersion is likely to be attributed to the fluctuations in the signal to noise ratio detected in the temperature response curves. Accordingly, the authors mention the view, from the results of Fig. 5 , that the effect of the conductive heat loss at interface between melt sample and cell material is negligibly small within the present experimental condition. In other words, the thermal contact resistance at the interface between melt sample and cell material can be considered to be sufficiently large and consequently only the radiative heat leakage is taken into account for the present experimental condition for the thermal diffusivity measurements. The thermal diffusivity values of molten germanium and silicon are in good agreement with the values reported by Takasuka et al., 3, 4) Yamamoto et al. 5) and Kimura et al. 6) In these previous measurements, the thermal diffusivities of molten germanium and silicon were obtained by means of the laser flash method using the optical alignment in the horizontal line. Thus, it is quite likely to induce the convection in molten germanium and silicon. However, Takasuka et al. 4) have estimated the effect of the convection in the molten germanium sample on the thermal diffusivity values measured by a horizontal type laser flash method.
From the results, the effect of the convection was considered not serious because the measurement was already finished for the very short time before occurring the convection in the molten germanium sample.
The thermal diffusivity values of molten germanium and silicon are summarized in the following equations (unit: m 2 /s). The experimental uncertainty of the thermal diffusivity of molten germanium and silicon are AE1:9 % and AE7:6 %, respectively. The uncertainties are caused as follows:
1) Random error of the measured values is mainly caused by the electrical noise on the measured temperature response curve. This error corresponds to the uncertainty of k and K, which is estimated to be AE0:9 % for molten germanium and AE6:6 % for molten silicon.
2) The uncertainty due to the thermal expansion of sample and sample cell is AE0:5 % at most.
3) The uncertainty of the effective sample temperature in the thermal diffusivity measurements using the laser flash method is AE0:5 % at most.
12)
3.3 Thermal conductivities of molten germanium and silicon Thermal conductivity, (unit: Wm À1 K À1 ), is known to be connected with the thermal diffusivity, the heat capacity, C p (unit: Jkg À1 K À1 ), and density, (unit: kgm À3 ), as follows.
Then, the thermal conductivity values of molten germanium and silicon were calculated from the present experimental thermal diffusivity data by coupling with the literature values of the heat capacity 13, 14) and the density. The uncertainty of the thermal diffusivity using the laser flash method is estimated to be less than AE1:9 % for molten germanium and AE7:6 % for molten silicon. The uncertainty of the heat capacity using the drop method is estimated to be less than AE0:3 % for molten germanium 13) and AE1:0 % for molten silicon.
14) The uncertainty of the density of molten germanium and silicon using the maximum bubble pressure method is estimated to be less than AE1:0 %. 15) Thus a total uncertainty of the thermal conductivity is estimated to be less 
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T. Nishi, H. Shibata and H. Ohta than AE2:2 % for molten germanium and AE7:7 % for molten silicon. Nagai et al. 2) measured the thermal conductivities of molten silicon by a hot-plate method. As shown in Fig. 8 , the thermal conductivity values of molten silicon obtained in this work are higher than that values obtained by the hot plate method. In practice, the thermal contact resistance at the interface between the molten sample and all material can be considered to be sufficiently large (See Fig. 5) . Therefore, the thermal conductivity values of molten silicon obtained by the hot-plate method should be affected by the thermal contact resistance at the interface between molten sample and ceramic.
Yamasue et al. 1) also measured the thermal conductivities of molten germanium and silicon by a hot-wired method. The thermal conductivity values of molten silicon obtained in the hot-wired method are nearly in accordance with that values obtained in this work. However, the thermal conductivity values of molten germanium obtained in the hot-wired method are lower than that values obtained in this work. Thus, it can be presumed that the thermal conductivity values of molten germanium obtained by the hot-wired method may be affected by the thermal contact resistance at the interface between silica layer and melt sample. Filippov 16) measured the thermal conductivities of molten germanium by a radial temperature wave technique. In this method, it is quite likely to induce the convection in molten germanium. However, such effect is considered not serious because of the short measuring time.
In the results shown in Figs. 8 and 9 , a slightly positive temperature variation is observed in the thermal conductivity of molten germanium and silicon. The heat capacities of molten germanium and silicon are known to stay constant with increasing temperature. 13, 14) The densities of molten germanium and silicon slightly decrease with increasing of temperature. 15) However, positive temperature dependence is obtained in the thermal diffusivity values of molten germanium and silicon (See Figs. 6 and 7) . The variation detected in the thermal conductivity values of molten germanium and silicon results from the harmony of three thermophysical properties of , C p and .
Electronic conduction is considered to be dominant in metals at temperatures around the melting point, 15, 17) in comparison with the mechanism of phonon or lattice conduction, which is well confirmed at lower temperature. In this subject, the Wiedemann-Franz law has been frequently used for combining the thermal conductivity, , and electrical conductivity, , 15) for metals at higher temperature. The Wiedemann-Franz-Lorenz relation is a function of temperature T(K) given as follows.
where L 0 is the theoretical Lorenz number of L 0 ¼ 2:445 Â 10 À8 WK À2 . It should be kept in mind that this relation is valid only to the case that the thermal conduction is controlled by free electrons. This suggests that no contribution from phonon to the thermal conduction is taken into account. The Lorenz number, L T , was estimated from the present the thermal conductivity values including, more or less, the contribution from phonon and the electrical conductivity values of molten germanium and silicon in the literature. 15) The results with the theoretical Lorenz number, L 0 , are shown in Fig. 10 . As mentioned above, the uncertainty of the thermal conductivity of molten germanium and silicon are AE2:2 % and AE7:7 %. The uncertainty of electrical conductivity of molten silicon and germanium is estimated to be less than AE1:0 %.
14) The uncertainty of sample temperature, controlled within AE1:0 K, is negligibly small. Thus a total uncertainty of Lorenz number is estimated to be less than AE2:4 % for molten germanium and AE7:8 % for molten silicon. From the result of Fig. 10 , all experimental Lorenz number data exist within a range of the uncertainty. Thus, the Lorenz number presently obtained appears to be significant. : Nagai et al. 2) : Yamamoto et al. 5) : Kimura et al. The results of molten germanium and silicon are found to be quite in agreement with L 0 in the temperature range investigated in this work. Thus, the principal mechanism for the thermal conduction of molten germanium and silicon may be represented by the simple electron transport. This is consistent with the fact that both germanium and silicon show rather metallic behavior in their liquid state.
15)
Conclusion
Thermal diffusivity values of molten germanium and silicon have been successfully determined by using laser flash method with the sample cell system. It was also found from the results of computer simulation that the effect of the conductive heat loss at the interface between the molten semiconductor sample and the cell is negligibly small for the thermal diffusivity measurements at elevated temperature within the present experimental condition.
The thermal conductivity values of the molten germanium and silicon were calculated by combining the thermal diffusivity data with the specific heat and the density. The resulting values are summarized in the following equations (unit: Wm À1 K À1 ). 
